Abstract -To guarantee the reliable operation of 24 hours, improve the performance and durability of a proton exchange membrane fuel cell (PEMFC) stack, and prevent it from sudden failure in an uninterruptible power system (UPS) with hybrid backup redundancy PEMFCs, battery and supercapacitor (SC) power sources, this paper conducts research in smart power management and control strategy of two PEMFCs and UPS. Firstly, based on the analysis of the major degradation mechanisms of different components of PEMFC against the operation conditions, two PEMFCs are proposed and applied to the UPS system. The experimental results show that the proposed intelligent energy management and control strategy can effectively guarantee the power sources supplied to UPS, and automatically switch the power supply between two PEMFCs.
I. INTRODUCTION A proton exchange membrane fuel cell (PEMFC) is a complex electrochemical device, which consists of many components such as catalysts layers (CLs), catalyst supports, membranes, porous transport layer or gas diffusion layers (GDLs), bipolar plates, sealings, gaskets, and so on. Each of these components can degrade or fail to function, thus causing the fuel cell system to degrade or fail [1] [2] .
For the CLs' degradation, according to experimental results, the degradation of CLs during long-term operation includes the carbon corrosion for a typical Pt/C catalysis and catalyst support degradation, such as the cracking or delamination of the layer [3] , catalyst ripening [4] , Pt catalyst particle migration [5] , the platinum catalyst degradation of Pt agglomeration/dissolution and particle growth [6] , and Pt catalyst contamination [7] . For the membrane degradation, according to numerous experimental results, there are chemical degradation [8] , mechanical degradation [9] and thermal degradation [10] , which are strongly dependent on operating conditions such as temperature, humidity, freezethaw cycling, transient operation, and start-up/shut-down [2] . For the GDL degradation, to date, only a limited number of studies have focused on the degradation mechanisms of GDL or on the relationship between GDL properties and PEMFC performance decay, but its degradation includes the physical degradation [11] , so called the mechanical and thermal degradation, and chemical and electrochemical degradation [12] . Moreover, these studies have employed mainly ex-situ GDL aging procedures in order to avoid the possible confounding effects from adjoining components such as the catalyst layer and bipolar plate. For the bipolar plate degradation mechanisms, a lot of research and some literature reviews related to bipolar plate studies have been published, such as the degradation of the graphite composite bipolar plate [13] and metal bipolar plate [14] . For the degradation of other components, there are the sealings, endplates, and bus plates [15] .
Factors that affect the performance and durability include the design and assembly of fuel cell, material degradation, impurities or contaminants, and operational conditions, such as temperature, relative humidity, pressure, fuel starvation, load changing, start-up and shut-down cycling, potential cycling, freezing or thawing and so on.
According to the 2015 US Department of Energy (DOE) lifetime requirements for transportation and stationary applications, there are three top issues/berries: durability (5000 h for cars, 20,000 h for buses, and 40,000 h for stationary, and degradation rate of 2-10 μV/h), cost ($30/kW) and efficiency (60%). However, the three top issues or significant barriers to PEMFC commercialization in 2011 were the durability (2,500 h for cars, 12,000 h for buses, and 10,000 h for stationary, and degradation rate of 15-30 μV/h), cost ($49/kW), and efficiency (53-59%) [16] .
For uninterruptible power supply (UPS) systems, PEMFCs play a very important role as the backup and emergency power supply for important applications, particularly for computers, medical/life support systems, communication systems, office equipment, hospital instruments, industrial controls and integrated data center to supply uninterruptible and reliable constant voltage and constant frequency power in case of power failure.
In order to ensure a UPS system reliability, prevent the PEMFC stack from degradation and improve its performance, based on the dynamic model of the PEMFC and description of the redundancy PEMFCs in Section 2, this paper conducts research work in intelligent energy/power management and control strategies for two redundancy PEMFCs in Section 3, such as the stack temperature, the pressures and mass flow rates of the hydrogen and air, the power tracking of load for PEMFCs or UPS, and the power supply switching between the two stacks and battery/SC. Finally, the experimental results in Section 4 show that with the proposed redundancy control strategies, not only has the degradation of fuel cell been prevented, but also the performance of PEMFC has been
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improved and the operating reliability of UPS system has been enhanced.
II. DESCRIPTION AND MODELING OF REDUNDANCY PEMFCS

A. Description of PEMFC Generating Systems
Aiming to guarantee the power sources for UPS, improve the reliability and the overall PEMFC performance, prevent degradation of PEMFC membrane, realize appropriate water management and balance, and prevent hydrogen and air starvation of electrochemical reaction and the leak of the membrane, an intelligent energy management and control and monitor system is designed, as shown in Figs. 1 and 2 . Fig. 1 shows the schematic diagram of the UPS system, including two 300 W self-humidified, air-cooling and air breathing PEMFC stacks, 3-cell lead-acid batteries in series, 20-cell supercapacitors (SCs) in series, a single phase high frequency UPS, and the intelligent energy management and control system. In Fig. 1 V and V ) for the main and auxiliary PEMFCs, batteries and SCs, the intelligent energy management and control strategy can control the turning on and off of the power switches K1-K4 according to the desired energy and power of UPS loads, and determine the required power sources for UPS system. Fig. 2 indicates that the proposed intelligent energy management control system contains an intelligent monitoring system and five control subsystems: power tracking controller, hydrogen pressure controller, hydrogen mass flow control (HMFC), air supply and thermal controller, and power switching controller. K1 and K2 are two silicon-controlled rectifiers, which are used to switch the power sources between the PEMFC and battery for UPS at the sharp load changing, start-stop cycling, feed starvation, or the utility grid power failure. 
B. Voltage Modeling of PEMFCs
Because the PEMFC is a type of electrochemical energy conversion device, if the parameters for each single cell are lumped to represent the stack, the output voltage of the stack can be obtained as, which these voltage losses result in an operating voltage that is less than the reversible voltage. the change in the molar entropy at STP (J/mol·K).
C. Thermal Modeling of PEMFCs
According to the Fourier's law of conduction, when involving internal heat generation due to electrical resistance, the rate of heat transferred by conduction in one-dimension through A is expressed by
where k is the thermal conductivity (W/m K), A the finite cross-sectional area (m 2 ), and q int the rate of heat generation per unit volume (W).
In the PEMFC, the internal heat generation results from the electrical and ionic resistance as
To solve this equation, two boundary conditions (for each direction) must be given that describe the behaviour of the temperature at the system boundaries (constant temperature or prescribed flux).
In practice, if the entrance pressures of the hydrogen and air are constant, that is, if their flow rates are constant, which can be controlled, the nonlinear equation of the thermal model for the stack under the operating temperature can be expressed by
where ) (t U Fan is the blower velocity (rpm= revolutions per minutes) and ) (t T Air is the air entrance temperature (K).
D. Dynamic Modeling of PEMFCs
According to the ideal gas law and the mole conservation rule, a detailed dynamic model of the PEMFC is shown in Fig.  3 . This model is based on the relationship between output voltage and current and the partial pressures of hydrogen, oxygen/air and produced water, temperature and mass flow rates of the stacks as in [17] . 
III. INTELLIGENT ENERGY MANAGEMENT AND CONTROL STRATEGY FOR TWO PEMFCS
A. Power Tracking Controller
According to the real-time current and voltage measurements of PEMFC stack, the power (ranging from 12 to 330 W) can be firstly calculated. 
− =
and T is the sampling period (ms).
C. Hydrogen Mass Flow Controller
The fuzzy-PI controller input variables are the mass flow error e(k), and the change of error c(k) of hydrogen. The output variables of the controller are the optimal P and I gains of a subsequent PI controller device, one of them gives the proportional part K as a function of e(k) and c(k), and the other gives the increment ΔT. There are seven fuzzy subsets: positive big (PB), positive medium (PM), positive small (PS), zero (ZE), negative small (NS), negative medium (NM), and negative big (NB), which have been selected for the input and output variables e(k), c(k), K and T.
The selected control rules are described as follows.
1) Far from the mass flow set point:
If e(k) is PB, then K is PB and T is ZE; If e(k) is NB, then K is NB and T is ZE.
2) Close to the mass flow set point:
If both e(k) and c(k) are ZE, then K and T are ZE; If both e(k) and c(k) are negative, then K and T are negative;
If both e(k) and c(k) are positive, then K and T are positive.
D. Air Supply and Thermal Controller
The PEMFC belongs to the low temperature stack (<100 °C) in the fuel cell family, but its operating temperature is still higher than the ambient temperature and should be maintained within an appropriate range. In this paper, the best operating temperature of the PEMFC is at 50~55°C (the maximum stack temperature is 65°C) according to the operating temperature demands.
The 
E. Power Switching Controller
To avoid the hydrogen and air starvation, in this paper, a power switching controller is designed, which can control the power source of UPS to switch between PEMFC and battery according to the change rate of the power of the PEMFC stack. Transient issues associated with temporary hydrogen and air starvation can be avoided by supplying the power from the battery and slowing down the current drawn from the PEMFC through a change rate limiter of the power output.
To realize the operation as mentioned above, the intelligent control rules are as follows. As shown in 
F. Intelligent Energy Management and Control Strategy
When one of the PEMFCs fails, the other can be turned on using the switches K1 and K2 through the intelligent energy management and control system, as shown in Fig. 1 . The intelligent control rules are If PEMFC1 fails, then K1, and K3 or K4 turn off; If PEMFC2 fails, then K2, and K3 or K4 turn off; If both PEMFC1 and PEMFC2 fail, then K1 and K2 turn off, and K3 or K4 turns on.
IV. EXPERIMENTAL SETUP AND RESULTS
The experimental setup consists of a UPS system, PEMFC generating and test system, lead-acid batteries and a dataacquisition system, which are multifunction I/O devices NI6036E, analog voltage output devices NI6713, parallel digital I/O interface PCI-6503 and analog multiplexer with temperature sensor AMUX-64T. The UPS system with backup PEMFC and battery provides the AC power source and controls the linear loads (e.g. lamp box) and nonlinear loads (i.e. PC), while the data-acquisition system measures and records the required information. In the PEMFC generating and test system, both hydrogen and air are regulated by mass flow controllers (type: F-201C-GAS-22V and F-112AC-GAS-22V, Bronkhorst). Concerning the application of the PEMFC system in UPS system, the option to humidify the hydrogen is not used. The temperature and humidity of air and hydrogen can be measured at inlet by the hydrotransmitter (type: HD2008TV1, Delta OHM) as well as the pressure transmitter (type: AUS EX 1354X, Burkert) between the inlets of cathode and anode. The output of the UPS is connected to a lamp load that is used in a constant voltage mode. All physical parameters such as currents and voltages of the UPS, PEMFC stack and battery, gas mass flow of the reactants, pressure drop in the flow fields, relative humidity and temperatures of air and hydrogen are recorded with the data-acquisition system. Fig. 4 shows a photograph of the experiment setup. Experimental study has been conducted on the designed UPS with the backup PEMFCs, battery and SC. The proposed intelligent power management and control strategies have been implemented in the two PEMFC generating systems. Based on the control methods, the output voltage and current of the two PEMFC stacks can be easily controlled according to the PEMFC operating status in the UPS, as shown in Fig. 5 . If PEMFC1 fails, the intelligent energy management and control system could seamlessly switch the power source supplied UPS from PEMFC1 to PEMFC2. Fig. 6 shows the control performance of two PEMFCs in parallel. When the intelligent energy management and control system turns on both the switches K1 and K2, an auxiliary PEMFC is used to work together with the main PEMFC in parallel, which indicates that two PEMFCs supply the reliable power sources for UPS system. Performances of the intelligent energy/power management and control and the conventional PI control (hydrogen mass flow rate) of two stacks are given in Fig. 7 . 
V. CONCLUSION
This paper presents the intelligent energy management and control of two redundancy PEMFCs for a UPS system to enhance the reliability and improve the performance and durability. Based on the description and voltage modelling of PEMFCs, the intelligent energy management and control strategy for two PEMFC generating systems in UPS applications is conducted and obtained experimentally, which are the operating performance of the main and auxiliary PEMFCs in parallel. Experimental results indicate that the developed strategy with UPS hybrid PEMFC/battery/SC power sources is suitable for the reliable operation of 24 hours.
